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Abstract
Using retrograde HRP labeling from the optic nerve (ON) or optic tectum (OT), we have visualized biplexiform cells in
wholemounted retinas of the stichaeid ﬁsh Pholidapus dybowskii and studied their morphology and spatial properties. Biplexiform
cells labeled from the ON were similar in their morphology to biplexiform cells found in other ﬁshes. Their distribution across the
retina was non-random and independent of that of other large ganglion cell types. Biplexiform cells labeled from the OT, too,
formed non-random mosaics, whose spatial properties suggested that most or all biplexiform cells project to the OT in this species.
We propose that biplexiform cells in Pholidapus are homologous to biplexiform cells in other ﬁshes (lower vertebrates). Pholidapus
biplexiform cells may participate in the tectum-mediated visual reactions.
 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction
In the vertebrate retina, signal transmission from
photoreceptors to ganglion cells (GCs) has generally
been considered to be mediated by three classes of ret-
inal neurons. Bipolar cells provide vertical communica-
tion between photoreceptors and GCs. This may be
direct or mediated by horizontal and amacrine cells that
form lateral neuronal nets carrying out complex signal
processing at the levels of the outer (OPLs) and inner
plexiform layers (IPLs), respectively. This scheme was
challenged by the discovery of two additional kinds of
retinal neurons. The ﬁrst to be discovered was the in-
terplexiform cell. This bridges the IPL and OPL like
bipolar cells do; however, it diﬀers from bipolars in a
number of morphological features making it similar to
amacrine cells. To date, several classes of interplexiform
cells, employing diﬀerent neurotransmitters and per-
forming diﬀerent functions in the retina, have been
found in a variety of vertebrates (De Miguel & Wagner,
1990; Dkhissi et al., 1993; Dowling & Ehinger, 1975;
Dowling, Ehinger, & Hedden, 1976; Smiley & Basinger,
1988). Despite the observed structural and functional
diﬀerences, almost all ICs so far studied have been
proven to transmit signals from the IPL to the OPL, i.e.,
in a direction opposite to that of ‘‘normal’’ signal pro-
cessing in the retina (Baldridge & Ball, 1993; Dowling,
1978; Wagner, 1994; Wu & Maple, 1998; Zhang &
Yang, 1998). Another novel kind of retinal neuron is the
biplexiform cell, which is classiﬁed as a GC because it
sends an axon to the brain. Along with the ordinary
arborization within the IPL, biplexiform cells have
dendrites stratiﬁed in the OPL and, in a number of an-
imals, are shown to establish direct synaptic contacts
with photoreceptors and horizontal cells (Mariani, 1982;
Straznicky & Gabriel, 1995; Zrenner, Nelson, & Mari-
ani, 1983). Since Marianis pioneering study of monkey
biplexiform cells (1982), these cells have been found in a
number of vertebrates (brieﬂy reviewed by Cook, Kon-
drashev, & Podugolnikova, 1996); biplexiform cells have
also been reported in mouse (Doi, Uji, & Yamamura,
1995) and mudpuppy (Arkin & Miller, 1988); and cells
similar to gnathostome biplexiform cells were found in
lampreys (De Miguel, Rodicio, & Anadon, 1989; Frit-
zsch & Collin, 1990; Rio, Vesselkin, Reperant, Kenig-
fest, & Versaux-Botteri, 1998). In most non-teleostean
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vertebrates, biplexiform cells are reported to occur ra-
ther sporadically (Doi et al., 1995; Frank & Hollyﬁeld,
1987; Toth & Straznicky, 1989), which may be caused to
a certain degree by their capricious labeling by retro-
grade tracers (Cook et al., 1996). Another possible rea-
son for the irregular occurrence of biplexiform cells is
that these cells may be no more than developmental
varieties of a wider, possibly unknown retinal neuron
type. Thus, W€assle and Boycott proposed (1991) that
biplexiform cells found in macaque monkey may be
developmental errors of an amacrine cell type. However,
W€assle et al. (2000), using intracellular Neurobiotin and
immunostaining techniques, revealed irregularly dis-
tributed populations of what they classiﬁed as misplaced
H2 horizontal cells in the macaque retina. These cells
resembled regular H2 cells, to which they were tracer-
coupled, diﬀering from them in cell body location within
the ganglion cell layer (GCL) and two levels of dendritic
arborization in the IPL and the OPL. These authors
argued that the neurons described as biplexiform cells by
Mariani (1982), whose responses were studied by Zren-
ner et al. (1983), are actually these misplaced horizontal
cells. It remains possible that, at least in primates, bi-
plexiform cells are developmental accidents of a wider
GC group that includes some GCs other than biplexi-
form cells (W€assle & Boycott, 1991).
In a number of teleostean species including distantly
related ones, biplexiform cells were shown to form non-
randomly distributed mosaics, spatially independent of
mosaics formed by other large GC types (aa
1 and aab
cells) (Cook & Becker, 1991; Cook, Becker, & Kapila,
1992; Cook et al., 1996). This allowed Cook et al. (1996)
to argue that biplexiform cells are regular elements of
the teleostean retina concerning both their spatial dis-
tribution and incidence and suggest them to constitute
an independent retinal neuron type. Cook et al. (1999)
argued that large GC types, including biplexiform cells,
in the retina of all non-mammalian jawed vertebrates
may share a set of primitive (symplesiomorphic) char-
acters. Thus, a provisional hypothesis of homology of
these cells may be posed (Northcutt, 1984). For its
probability to be estimated, more in-group species
should be studied and out-group comparisons per-
formed (Northcutt, 1984). This seems especially impor-
tant in the case of biplexiform cells since these cells are
known from a smaller number of species than other
large GC types. In particular, biplexiform cell spatial
properties that are of importance when ascribing a cell
group the status of a natural type (Cook, 1998) are only
known from ﬁve teleostean species (three perciforms and
two scorpaeniforms). The three perciforms in which
biplexiform cell spatial properties were studied were a
fresh-water cichlid, Oreochromis spilurus (Cook & Bec-
ker, 1991), a highly visual ronquil, Bathymaster derjugini
(Cook et al., 1999), and the six-lined prickleback Erno-
grammus hexagrammus (Cook et al., 1996). In the pre-
sent paper, we describe the morphology and spatial
properties of biplexiform cells in another perciform,
Pholidapus (Opisthocentrus) dybowskii. It belongs to the
same family (Stichaeidae) as Ernogrammus hexagram-
mus does. Both ﬁshes live in shallow water in the littoral
and the upper sublittoral zones. Ernogrammus is a
strictly nocturnal ﬁsh, whose diet is dominated by ac-
tively moving animals such as ﬁsh and errant poly-
chaetes (A.I. Markevich, personal communication). On
the contrary, Pholidapus is a diurnal predator feeding on
mesoplankton and slow-moving benthic animals (Zem-
nukhov and Kovalenko, 2000).
The functional role of biplexiform cells remains un-
clear. In this connection, their central projections are of
considerable interest. To date, some 15 primary visual
centers have been identiﬁed in the ﬁsh brain (Butler &
Saidel, 1993), of which, the optic tectum (OT) is most
important, both because of the high proportion of GC
axons terminating there (about 90% of the total axon
number in the optic nerve (ON)) and its principal role in
the ﬁsh visual behaviour. Earlier, Pholidapus’ biplexi-
form cells were shown to project to the OT (Kondrashev
& Pushchin, 1999; Kondrashev, Pushchin, & Podugol-
nikova, 1999; Podugolnikova, Kondrashev, & Pushchin,
2001). In this paper, we present a comparative analysis
of spatial properties of biplexiform cell mosaics as they
were visualized in the Pholidapus retina either by retro-
grade HRP labeling from the ON or from the OT. Part
of this work has been reported in abstract form (Kon-
drashev & Pushchin, 2001; Kondrashev et al., 1999).
2. Methods
2.1. Preparation of specimens
Fish 13–15 cm long were caught in the Bay of Peter
the Great (Sea of Japan) oﬀ Vladivostok during May–
October 1998–1999. A ﬁsh was deeply anesthetized with
MS-222 (3-aminobenzoic acid ethyl ester, methanesulf-
onate salt; Sigma Chemical Co., St. Louis, MO; 0.01–
0.03% seawater solution at 12–20 C) and allowed to
survive in the holder by passing fresh oxygenated sea-
water over the gills. In the case of labeling from the OT,
the skin and upper part of the cranium opposite the OT
were carefully removed, and small crystals of horse-
radish peroxidase (Sigma Type VI) were applied to le-
sioned optic ﬁbers within superﬁcial layers of the
OT. The excised cranial and dermal tissues were then
1 Following the naming system of Cook & Sharma (1995), we use
the terms aa, aab, and ac cell for large GCs stratiﬁed, respectively,
within sublaminae a, a and b, and c of the IPL. Sublamina a is taken to
be the most sclerad two-ﬁfths of the IPL; sublamina b, to be the next
two-ﬁfths, and sublamina c, to be the most vitread ﬁfth of the IPL
(Cook, Podugolnikova, & Kondrashev, 1999; Cook & Sharma, 1995).
1118 I.I. Pushchin, S.L. Kondrashev / Vision Research 43 (2003) 1117–1133
replaced, the junctures being carefully repaired with a
tiny drop of cyanoacrylate glue. The ﬁsh was revived for
10–15 min, and maintained in a marine aquarium at 12–
18 C and 12 h light/dark cycle for 7–9 days. The pro-
cedures of labeling from the ON, eye enucleation, retina
isolation, and retinal wholemount preparation after
both total and tectal labeling were as described else-
where (Cook et al., 1996). In brief, a ﬁsh was prepared
as above, the conjunctiva near the eye was incised, and
the eye was rotated to make the ON available to ma-
nipulation. The ON was then partially or totally cut,
and small HRP crystals were applied to the lesioned GC
ﬁbers. The conjunctiva was repaired with cyanoacrylate
glue, the ﬁsh was revived for 10–15 min, and maintained
in a marine aquarium at 12–18 C and 12 h light/dark
cycle for 3–4 days. In the case of both types of labeling,
at the end of the post-operational period, the ﬁsh was
dark adapted for 1–1.5 h and decapitated under deep
MS-222 anesthesia. Both eyes were removed, and the
retinae were isolated and ﬁxed. They were then washed
in phosphate buﬀer, developed in diaminobenzidine
solution, dehydrated through an ethanol series of in-
creasing concentrations, cleared in xylene, and whole-
mounted onto a slide with a ﬁlm grid of 0.5 mm squares
sandwiched between the retina and the slide (Cook,
1987). In all, some 30 ﬁsh were used in these experi-
ments. The ﬁsh were treated in strict accordance with
the European Communities Council Directive of 24
November, 1986.
2.2. Cell morphology analysis
For this part of the study, 22 retinal wholemounts
were used, 16 of them prepared after HRP application to
the ON; and the remaining six, after HRP application to
the OT. Cells were observed in an Olympus microscope
(BHS model) with 100/1.25 (oil) and 40/0.7 (dry) SPlan
objectives. When drawing cells and measuring dendritic
depths, the 100/1.25 objective and RA-6 drawing tube
(Leningrad Optical and Mechanical Company (LOMC),
St.-Petersburg, Russia) were used. Relative dendritic
depths were measured by readings of a ﬁne adjustment
knob of the microscope following the recommendations
of Harris (1985). This allowed a repeatable resolution of
about 1 lm to be reached that was slightly more than the
focal depth of the objective (0.68 lm). Since in all
wholemounts, total INL plus OPL thickness varied from
10 to 16 lm; and that of the IPL, from 30 to 50 lm, the
resolution obtained was more than suﬃcient for both
distinguishing between biplexiform cell inner and outer
dendrites and assigning dendrite arborizations of other
GC types to either outer, middle, or IPL sublamina
(Famiglietti & Kolb, 1976). The depths of the IPL, INL,
and OPL borders were assessed by visualizing unstained
cell outlines using Nomarski diﬀerential contrast. All
depths were recorded relative to the local depth of the
GCL to compensate for retinal undulations. For several
representative cells, a detailed radial view was recon-
structed from many individual depth measurements, as
described by Cook and Sharma (1995).
Since the estimated refractive index of the DPX
mounting medium (1.51–1.52) was close to that of the
immersion medium (1.515), no correction of measured
absolute depths was performed. Fine focus knob read-
ings were calibrated as well (Harris, 1985). Corrections
for specimen shrinkage, which was estimated to lie
within 3–5%, were not attempted. One-tailed Mann–
Whitney U-tests were used to reveal possible diﬀerences
in soma area between two large GC types.
2.3. Cell distribution analysis
Cell distributions were plotted using the ‘‘improved
plotting procedure’’ (Cook, 1987) and computerized as
described by Cook et al. (1996), with slight modiﬁca-
tions. In brief, a piece of photographic ﬁlm with a grid
of 0.5 mm squares was placed under the wholemount
providing a retina-wide coordinate system. The grid al-
lowed plotting large wholemount areas without accu-
mulating positional errors. By means of a drawing tube,
the position of each cell was plotted onto a paper map,
which was then digitized using the TABLYT program
generously provided by J.E. Cook.
The whole number of GCs in the Pholidapus retina
was estimated from the 20.12 mm2 wholemount, this
particular specimen being characterized by the lowest
apparent degree of GC undersampling, as follows: the
number of GCs was counted in twenty ﬁve 0.00296 mm2
sample areas, uniformly covering the retina; the mean
was found and extrapolated to the whole area of the
wholemount. Cell distribution properties were studied
by the methods of nearest neighbor distance (NND)
(W€assle & Riemann, 1978) and two-dimensional corre-
lographic analysis (Rodieck, 1991).
Standard algorithms (Cook & Becker, 1991) were
applied to compute NNDs, their frequency distribution,
mean and standard deviation. As an estimation of mo-
saic regularity, the conformity ratio (the ratio of the
mean NND to the standard deviation of the NND) was
used since it reacts conservatively to boundary eﬀects
and, although to a lesser degree, to random undersam-
pling and is therefore preferable when studying spatial
properties of small or irregular-shaped mosaics (Cook,
1996). The conformity ratio ‘‘ready-reckoner’’ of Cook
(1996) was used to determine the signiﬁcance of each
mosaics conformity ratio. Kolmogorov–Smirnov one-
sample comparisons were made between the observed
distribution of NNDs and two theoretical curves: the
Gaussian distribution with the same mean and standard
deviation and the Rayleigh distribution of predicted
NNDs for a random (Poisson-distributed) population of
the same average density.
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Spatial auto-correlograms, cross-correlograms, and
density recovery proﬁles (DRPs) were plotted, and ef-
fective radii of exclusion were calculated (Rodieck,
1991), with Cook and Sharmas (1995) modiﬁcations.
The eﬀective radius of exclusion is a measure of the ter-
ritory around each member of the mosaic free of other
such members. It is highly resistant to both boundary
and undersampling eﬀects and is thus preferable for the
analysis of small or irregularly shaped mosaics.
3. Results
3.1. Patterns of cell labeling from the optic nerve and optic
tectum
In the wholemounts prepared after HRP application
to the ON, labeled GCs formed a pattern of approxi-
mately concentric annuli, alternating with unlabeled
regions (Fig. 1(A)). This pattern comes from the struc-
ture of the Pholidapus ON. As in many other teleosts
(Scholes, 1979), the ON in Pholidapus takes the shape of
a laterally folded ribbon. Within each fold, neighboring
GC axons belong to cells of similar age. In the retina,
these age-related cells form an annulus centered ap-
proximately at the optic disk. Thus, partially damaging
a Pholidapus ON and inserting a label into the lesions
results in the labeling of age-related GC groups that
form a characteristic pattern of concentric annuli in
the retina. As distinct from this, GCs labeled from the
dorsal OT occupied irregularly shaped areas within the
ventral hemiretina (Fig. 1(B)), suggesting the Pholidapus
retinotectal map is organized in a manner common to
other teleosts (Vanegas, Williams, & Essayag, 1985).
3.2. Large ganglion cells in Pholidapus
After the HRP application to the ON, large GCs were
observed all over the wholemount area. Biplexiform
cells were distinguished from other large GC types by
their unconventional stratiﬁcation pattern, and their
identity as GCs was conﬁrmed by the presence of axons
that could be traced to and through the optic ﬁber layer
and, in many cases, to the optic disk. Based on the
dendritic ﬁeld size and level of dendrite stratiﬁcation in
the retina, four large GC types, including biplexiform
cells were distinguished, which is consistent with our
preliminary results (Kondrashev & Pushchin, 1999;
Kondrashev et al., 1999). Based on the naming system of
Cook and Sharma (1995), the three conventional types
were termed aa, aab, and ac cells. The aa cells had large
semilunar to fusiform or rounded somata, most of
which were displaced to a variable extent to the IPL or
even IPL/INL boundary. Thick primary dendrites
branched sparsely within sublamina a to form vast
asymmetrical ﬁelds spreading out towards the retinal
margin. The aab cells were characterized by smaller so-
mata and shorter dendrites bistratiﬁed in sublaminae a
and b; their dendritic ﬁelds were also highly asymmet-
rical. The ac cells possessed irregular-shaped somata and
very thick primary dendrites branching within sublam-
ina c. These cells were only sporadically labeled.
After HRP application to the OT, large GCs of all
types except for ac were identiﬁed, conﬁrming our pre-
vious observations (Kondrashev & Pushchin, 1999).
3.3. Biplexiform cells labeled from the optic nerve
3.3.1. General morphology and dendrite stratiﬁcation
A drawing of a biplexiform cell in the wholemount
projection and the reconstruction of its side view are
shown in Fig. 2(A) and (B). A biplexiform cell from the
ventrotemporal retina is presented at two diﬀerent focal
planes in Fig. 3(A) and (B). A biplexiform cell with
neighboring large GCs of other types from the dorso-
nasal retina is presented in Fig. 4. The conﬁrmed
biplexiform cells had rounded, fusiform, or irregular-
shaped somata always displaced to the IPL/INL
boundary or even more sclerad to the INL. Within the
same retinal region, they lay signiﬁcantly further from
the GCL than neighboring displaced aa somata, most of
which lay within the outer third of the IPL, and only a
few reached the IPL/INL boundary (biplexiform cells:
Fig. 1. Low-power photomicrographs of Pholidapus retinal whole-
mounts with GCs visualized after HRP application to the ON (A) or
OT (B). Note concentric annuli of labeled cells in (A) and the area of
labeled GCs restricted to the ventral hemiretina in (B). D, dorsal; V,
ventral; N, nasal; T, temporal. See text for comments. Bars, 2 mm.
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46.95 1.15 lm (156.5 3.8% of the local IPL thick-
ness); aa: 21.85 0.75 lm (72.8 2.5% of the local IPL
thickness) (mean SEM); N1 ¼ N2 ¼ 20; p < 0:0001;
Mann–Whitney one-tailed U-test; ventrotemporal re-
gion of the 24.27 mm2 wholemount). The standard de-
viations of distance-from-GCL samples of aa and
biplexiform cells were 3.36 and 5.14 lm, respectively,
diﬀering considerably from the standard deviation of the
combined sample (13.41 lm). One-factor ANOVA
suggests this diﬀerence to be highly signiﬁcant (F ¼
334.141, p < 0:001).
The biplexiform cell somata were of above-average
size compared to other large GCs. The second largest
were aa somata. These, nonetheless, were always smaller
than neighboring biplexiform cell somata. Thus, in the
dorsotemporal region of the 24.27 mm2 wholemount,
the projection areas of 20 biplexiform cell somata were
signiﬁcantly larger than those of 20 aa somata, with the
means and standard errors of mean of 99.4 5.9 and
64.9 3.9 lm2, respectively (p < 0:01, Mann–Whitney
one-tailed U-test).
As their name implies, the biplexiform cell in Phol-
idapus has two dendritic subtrees, the outer one, strati-
ﬁed close to the INL/OPL boundary, and the inner one,
most of which was conﬁned to the outer IPL half (Figs.
2–4). The outer subtree was usually supported by one or
two thick, more or less meandering primary dendrites.
These arose from the sclerad side of the soma branching
sparsely, if at all. Thinner low-order dendrites were
mainly stratiﬁed within a 3 lm zone at the INL/OPL
boundary. The low-order dendrites often took a winding
and sometimes recursive course. They bore both en
passant and terminal varicosities. The former often ap-
peared to be somewhat regularly distributed along a
dendrite. Dendrites of all orders formed occasional
loops 2–4 lm in diameter.
The outer subtree of some biplexiform cells was also
contributed to by additional dendrites originating from
either the soma or inner-stratiﬁed dendrites; these were
about half as thick as the main outer-stratiﬁed dendrites.
Fig. 2. Biplexiform cell in the Pholidapus retina after HRP application
to the ON, shown in plan view, as seen in the wholemount (A), and in
side view, as reconstructed by combining the horizontal axis of the
plan view with dendrite depth measurements (B). OPL, outer plexiform
layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL,
ganglion cell layer. Triangles in (A) and (B) mark the axon. Horizontal
bar, 50 lm for (A) and (B); vertical bar, 10 lm for (B).
Fig. 3. Photomicrographs of a biplexiform cell from the ventrotem-
poral quadrant of the 20.12 mm2 wholemounted Pholidapus retina
after HRP application to the ON (Nomarski diﬀerential contrast op-
tics). The cell is shown in two focal planes. (A) The focal plane is close
to the boundary between the IPLs and INLs. The biplexiform cells
soma (square) and inner dendrites (arrowheads) are seen. (B) The
plane is centered on the sclerad part of the OPL. The biplexiform cells
outer dendrites are seen. Dorsal is to the top, and temporal is to the
right. Note the winding course taken by biplexiform cell dendrites in
both photos. Bar, 100 lm.
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The inner subtree was supported by several thick
primary dendrites. They took a somewhat winding
course, branching even more sparsely than outer-strati-
ﬁed dendrites. The majority of their arborization was
conﬁned to the outer third of the IPL. The low-order
dendrites bore rare varicosities, whose size, shape and
distribution along a dendrite were much less regular than
those of the varicosities in the outer dendrites. Charac-
teristically, the diameter of low-order dendrites was the
same or similar to that of the primary dendrites. The
overall branching pattern and morphology details of
inner biplexiform cell subtrees much resembled those of
aa trees, stratiﬁed in the same IPL lamina and often
interlacing with neighboring biplexiform cell dendrites.
A 0.51–1 lm thick axon originated from either the
soma or a primary or secondary inner dendrite. Occa-
sionally, prior to traversing to the nerve ﬁber layer, it
took a 50–200 lm course within sublamina a of the IPL
at a variable angle to the direction to the optic disk.
Both the inner and outer biplexiform cell subtrees
seemed to vary regularly in size, shape and orienta-
tion across the retina as did those of aa and aab trees,
although variable understaining degree did not allow a
precise estimation of these parameters. Within the cen-
tral third of the retina, both subtrees were of elongated
or irregular shape with a moderate and inconsistent
asymmetry. Outside this zone, both subtrees took a
more regular appearance: they were rounded or oval,
their degree of asymmetry increasing towards the pe-
riphery (Fig. 5(D)), although the size, shape, and ori-
entation of the two subtrees belonging to the same cell
correlated weakly, if at all. Thus, cells with large,
prominent inner subtrees could have very sparse outer
branching, and vice versa, partly because of variable
HRP staining quality. At the far periphery, both sub-
trees were often stretched along the retinal margin (not
shown). Even then, however, they were asymmetrical,
with the cell body lying closer to the optic disk than the
ﬁelds geometrical center, and thus near the inner margin
of the dendritic ﬁeld. It should be pointed out that the
shape and orientation of inner biplexiform cell subtrees
were very similar to that of neighboring aa trees, whose
asymmetry, too, varied in a region-dependent manner.
The outer subtrees seemed to be smaller and more
densely branched than their inner counterparts. How-
ever, we got a subjective impression that the inner sub-
trees of most completely stained biplexiform cells were
close in size to neighboring aa trees. As a consequence of
regular biplexiform cell shape and asymmetry variation,
on the one hand, and signiﬁcantly non-random, anti-
clustering pattern of their soma distribution across the
retina (see the next section), on the other, both inner and
outer subtrees of neighboring biplexiform cells respected
each others space resulting in little, if any, overlap (Fig.
5(D)). However, we suppose that actual overlapping is
greater and partially obscured by dendrite understaining.
Fig. 4. Photomicrographs showing neighboring large GCs of diﬀerent
types labeled from the ON at four focal planes centered on 100%, 50%
and 0% of the local thickness of the inner plexiform layer (IPL: 0%
corresponds to its border with the INL) and on the boundary between
the INL and OPL (A, B, C, D, respectively). (A: 100% of the IPL
thickness) An aa soma (square), displaced to the IPL, is slightly out of
focus. Four aab somata (black arrowheads) slightly displaced to the
IPL, are spaced at regular intervals from each other. (B: 50% of the
IPL thickness) The middle zone of the IPL contains stratiﬁed aab inner
dendrites (small black arrowheads) and aa transition dendrites (large
black arrowheads). (C: 0% of the IPL thickness) The IPL/INL
boundary zone contains aab outer dendrites (small black arrowheads)
and the aa tree (large black arrowheads). The white dot marks the
soma of a biplexiform cell displaced to the INL and thus out of focus.
White arrowheads point to the biplexiform cells inner dendrites. (D:
INL/OPL boundary). The outer subtree of the biplexiform cell shown
in (C) (black arrowheads). In all photos, dorsal is to the top, and
temporal is to the right. Bar, 100 lm.
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3.3.2. Occurrence in the retina and spatial properties
Biplexiform cells occurred all over the retinal area,
from a close proximity to the optic disk to the far pe-
riphery, including the area temporalis. Their number
varied greatly among wholemounts and diﬀerent regions
of the same wholemount. Fig. 5(A)–(C) presents the
largest biplexiform cell population found in a single
wholemount. Its density varied little across the retina,
except for a mediotemporal region close to the optic
disk, where local density was approximately twice as
high as in the rest of the retina. This may be accounted
for by both region-dependent density variation accom-
modating the area temporalis and accidental density
ﬂuctuation due to cell sampling irregularity. Despite the
region-dependent variation of intercellular spacing, the
distribution of biplexiform cells (by which we mean
the distribution of biplexiform cell somata) was appar-
ently non-random, although not conspicuously regular,
all over the retina including the area temporalis with the
only exception of the far periphery (Figs. 5(C), 6(B) and
8(A)). In two wholemounts, the number of neighboring
biplexiform cells was enough to enable the spatial
properties of their mosaics to be studied using NND and
correlographic analyses (see Table 1 for quantitative
data). NND frequency distributions of biplexiform cells
diﬀered signiﬁcantly from Rayleigh distributions (theo-
retically predicted NND frequency distributions for a
random sample of the same mean density) suggesting a
high degree of regularity of cell arrangement. Their
goodness-of-ﬁt to Gaussian distributions with the same
mean and standard deviation was much better (Figs.
5(E), 7(A)), although in the case of the mosaic shown in
Fig. 5(A), the diﬀerence remained signiﬁcant at p < 0:01.
The mosaics conformity ratios were also high conﬁrm-
ing the non-random nature of their organization. DRPs
obtained from the mosaics spatial autocorrelograms all
had a deep central well (Figs. 5(F), 7(G)) providing in-
dependent evidence for non-random, anticlustering
mode of cell arrangement. The ratios of the eﬀective
radii, calculated from the DRPs, to their respective
proﬁle bin widths diﬀered signiﬁcantly from those the-
oretically predicted for random samples (Rodieck, 1991).
The other two large GC types, aa and aab cells, were
also found to form on-random mosaics 2 (Figs. 6(C) and
(D), and 8(B) and (C)), whose high regularity was con-
ﬁrmed, again, by NND and correlographic analyses (Fig.
7(B) and (C); Table 1). However, the apparent regularity
of a mixture of diﬀerent large GC mosaics occupying the
same area was considerably lower than that of separate
Fig. 5. Spatial properties of the biplexiform cell mosaic from the 24.27 mm2 Pholidapus retina HRP labeled from the ON. (A,B) Photomicrographs
of the mosaics portion close to area temporalis in two focal planes. (A) The focal plane is close to the boundary between the IPL and INLs. The
biplexiform cells somata (arrowheads) and inner subtrees are seen. (B) The plane is centered on the sclerad part of the OPL. The biplexiform cells
somata (arrowheads) and outer subtrees are seen. The somata are slightly out of focus. (C) Schematic representation of the whole mosaic. Small dots
mark the location of the mosaic members somata. The optic disc is shaded. The dashed circle marks the area temporalis. The rectangle demarcates
the mosaic fragment shown at a larger scale in (D). Four points of the compass show the orientation of the wholemount. V, ventral; D, dorsal; N,
nasal; T, temporal. Bar, 1 mm. (D) Drawing of biplexiform cells whose bodies are within the rectangle in (C). Bar, 200 lm. (E) The NND frequency
distribution of the mosaic, although diﬀering signiﬁcantly from both the Rayleigh (dashed line) and Gaussian (solid line) curves, ﬁts the latter better
than the former (see Table 1 for quantitative data) suggesting a moderate degree of spatial regularity of the mosaic. (F) A deep and wide well in the
center of the mosaics autocorrelogram clearly indicates a non-random, anticlustering mode of cell arrangement in the mosaic.
2 In no wholemount did we observe mosaics of another large GC
type, ac cell, found to occur rarely in the Pholidapus retina (see Section
3.2) and other ﬁshes (Cook et al., 1999).
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mosaics (Fig. 6(B)–(E); Table 1). The diﬀerence of NND
distributions of pairwise-combined mosaics of diﬀerent
GC types from theoretical Rayleigh curves, though sig-
niﬁcant, was much less than that of separate mosaics
(Fig. 7(A)–(E)). Their goodness-of-ﬁt to Gaussian dis-
tributions with the same mean and standard deviation
was still better than to Rayleigh distributions, although
the diﬀerence was signiﬁcant in most cases. With two
exceptions, the combined mosaics conformity ratios did
not diﬀer signiﬁcantly from those obtained from random
distributions of the same cell number suggesting lower
regularity of combined mosaics compared to that of
separate mosaics. When mosaics of all three types were
combined, the diﬀerences from both Rayleigh and
Gaussian distributions were signiﬁcant, although the ﬁt
was apparently better to the Gaussian than to the Ray-
leigh (Fig. 7(F); Table 1). The conformity ratio of this
combination of three mosaics was low, exhibiting no sig-
niﬁcant diﬀerence from random distributions of the same
cell number. Some degree of regularity of combined mo-
saics revealed by NND frequency distribution analysis
and, in two cases, by the combined mosaics conformity
ratios is probably mainly due to the non-random arra-
ngement of their constituent mosaics (Cook et al., 1999).
The cross-correlograms generated from overlapping
mosaics of diﬀerent types had only a narrow and partial,
if any, central well corresponding to small or zero ef-
fective radii (Fig. 7(J)–(L); Table 1) indicating that the
members of one mosaic did not respect the territory of
neighboring large GCs of a diﬀerent type, except for
physical exclusion due to steric hindrance. This is con-
sistent with the fact that the dendritic trees of biplexi-
form cells frequently overlapped those of large GCs
of other types (Fig. 4). The central density peak in the
Fig. 6. Overlapping mosaics of diﬀerent large GC types from the dorsonasal portion of the 20.12 mm2 Pholidapus retina, labeled with HRP from the
ON. (A) Schematic represention of the mosaics location (striped area) in the retinal wholemount. The shaded circle represents area temporalis. (B–D)
Mosaics of biplexiform, aab, and aa cells, respectively, shown in isolation, all to the same scale. (E) The same mosaics shown in their true retinal
context. Four points of the compass show the orientation of the wholemount outline and of the mosaics. V, ventral; D, dorsal; N, nasal; T, temporal.
Bar, 1 mm.
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Table 1
Summary of the spatial properties of large GC mosaics in wholemounted retinae of Pholidapus dybowskii
GC type bpx aab bpx aa bpx
þ aab
bpx
þ aa
bpxþ aa
þ aab
aab bpx aa bpx
þ aab
bpx
þ aa
bpxþ aa
þ aab
bpxa bpxa
Total retinal area (mm2) 24.27 20.12 20.12 20.12 20.12 20.12 20.12 20.12 20.12 20.12 20.12 20.12 20.12 23.03 19.97
Region of retinab D-V N N N N N N D-T D-T D-T D-T D-T D-T V-N V-T
Sample area (mm2) 13.5 3.1 3.1 4.75 3.1 4.75 4.75 1.0 2.25 2.0 2.25 2.25 2.25 1.3 1.9
Number of cells in sample 143 95 36 95 131 131 226 53 45 44 98 89 142 34 35
Mean density (cells/mm2) 10.6 30.6 11.6 20 42.2 27.6 47.6 53 20 22 43.6 39.6 63.1 25.4 18.4
Total cell number in retinac 257 616 233 402 – – – 1066 403 442 – – – – –
Mean NND standard error
of mean (lm)
186.7
 6.2
116.3
 5.0
215.7
 13.7
154.4
 4.8
106.4
 3.9
119.9
 4.9
86.43
 2.9
85.3
 3.2
167.4
 6.1
149.8
 7.0
87.5
 4.4
102.3
 5.3
74 3.2 168.5
 7.3
174.7
 7.2
Standard deviation of NND
(lm)
81.6 48.6 81.9 46.6 45 56.2 43.6 23.3 40.9 46.6 46.5 49.2 39.8 42.7 42.4
NND distribution diﬀerence
from Rayleigh distribution
0.409 0.423 0.706 0.658 0.531 0.532 0.407 0.469 0.855 0.738 0.41 0.572 0.413 0.921 0.851
and its P -valued 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 1 0.01 0.01
NND distribution diﬀerence
from Gaussian distribution
0.143 0.154 0.137 0.058 0.141 0.044 0.089 0.2 147 0.241 0.115 0.078 0.106 0.137 0.132
and its P -valued 0.01 0.05 n.s. n.s. n.s. n.s. 0.1 0.05 n.s. 0.05 0.1 n.s. 0.1 n.s. n.s.
Conformity ratio and its 2.29 2.39 2.63 3.31 2.36 2.13 1.98 3.66 4.09 3.21 1.88 2.07 1.86 3.94 4.12
P -valuee 0.01 0.01 0.05 0.0001 0.01 n.s. n.s. 0.0001 0.0001 0.0001 n.s. n.s. n.s. 0.0001 0.0001
Exclusion radii (lm) from
autocorrelograms
89.8 64 105 88.5 – – – 51 109 94 – – – 104 100
and their P -values 0.01 0.0001 0.05 0.001 – – – 0.02 0.01 0.02 – – – 0.02 0.02
Exclusion radii (lm) from
crosscorrelograms
– 19.4 0 – – – 0 0 – – – – –
P -valuese – n.s. n.s. – – – n.s. n.s. – – – – –
a Biplexiform cell mosaics labeled from the OT.
bN, nasal; D-T, dorsotemporal; V-T, ventrotemporal; V-N, ventronasal.
c Calculated as mean cell denstity times retinal area.
dAs a measure of diﬀerence, Kolmogorov–Smirnov statistics is provided.
e n.s.––diﬀerences are non-signiﬁcant.
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biplexiform vs. aa cells crosscorrelogram presented in
Fig. 7(J) implies pairwise clustering of diﬀerent type
somata. A crosscorrelogram (not shown) produced from
the two cell types overlapping samples from the
dorsotemporal area of the 20.12 mm2 wholemount (Fig.
8(A, B)) has a similar, although less pronounced, peak.
Further material is needed to judge with certainty on
whether this clustering is an artifact or reﬂects a true
trend in the two cell types mutual soma location.
3.3.3. Total number in the retina and ratios to other large
ganglion cell types
The estimation of the total number of biplexiform
cells in the Pholidapus retina was based on the two
wholemounts with areas of 24.27 and 20.12 mm2. The
estimates varied from 233 (based on the mosaic from the
nasal portion of the 20.12 mm2 wholemount occupying
15.4% of the wholemount area (Fig. 6(B)) through 257
(based on the mosaic occupying 55.6% of the 24.27 mm2
Fig. 7. Spatial properties of large GC mosaics shown in Fig. 6. (A–C) NND frequency distributions of separate mosaics ﬁt the respective Gaussian
curves much better than the Rayleigh curves. (D–F) The combined NND distributions show a still better ﬁt to the Gaussian than to the Rayleigh
curves. (G–I) Autocorrelograms of separate mosaics all have a deep central well suggesting an anticlustering mode of cell arrangement. (J–L) Cross-
correlograms between the biplexiform cell and aa, the biplexiform cell and aab, and the aa and aab mosaics have only a partial and narrow, if any,
central well suggesting the spatial independence of the mosaics.
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wholemount (Fig. 5(C))) to 403 (based on a sample from
the dorsotemporal quadrant of the 20.12 mm2 whole-
mount occupying 11.2% of the wholemount area (Fig.
8(A)). The diﬀerences between the estimates may be
accounted for by both variable undersampling degree
and region-dependent cell density variation. Estimated
from the 20.12 mm2 wholemount, the proportion of
biplexiform cells to all GCs in the retina was 0.14–0.16%
based on mosaics presented in Figs. 6(B) and 8(A), re-
spectively. The ratios of the total numbers of diﬀerent
large GC types were estimated from the 20.12 and 24.27
mm2 wholemounts. The biplexiform cell:aa:aab estimates
based on the 20.12 mm2 wholemount were, respectively,
1:1.72:2.64 (produced from the overlapping mosaics in
the nasal portion of the wholemount) to 1:1.1:2.65
(produced from the overlapping mosaics in the dorso-
temporal quadrant of the wholemount). The biplexiform
cell to aa ratio estimated from the 24.27 mm2 whole-
mount was 1:2.07 (in this wholemount, only few aab cells
were labeled making the estimation of their ratio to the
other large GC types impossible).
3.4. Biplexiform cells labeled from the optic tectum
The staining quality of the biplexiform cells labeled
from the OT was worse than that of the cells labeled
from the ON. As a rule, only cell bodies and primary
dendrites could be seen (Fig. 9). This, however, was
enough for reliable biplexiform cell identiﬁcation by the
presence of OPL-traversing dendrites and by cell body
locations that were approximately 1.5–2 times as far
from the GCL as those of neighboring displaced aa so-
mata. Conﬁrmed biplexiform cells were observed in
most OT-labeled wholemounts. For reasons discussed
in Section 3.1, their location was conﬁned to the ven-
tral hemiretina. In two wholemounts, biplexiform cell
Fig. 8. Overlapping mosaics of diﬀerent large GC types from the dorsotemporal quadrant of the 20.12 mm2 Pholidapus retina, labeled from the ON.
(A–C) mosaics of biplexiform, aab, and aa cells, respectively, shown in isolation, all to the same scale. (D) The three mosaics shown in their true retinal
context. (E) Schematic represention of the mosaics location (striped area) in the retinal wholemount. The shaded circle represents area temporalis.
Four points of the compass show the orientation of the wholemount outline and of the mosaics. V, ventral; D, dorsal; N, nasal; T, temporal. Bar, 1
mm.
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mosaics of some 30 cells each were observed (Fig. 10(A)–
(D)). The NND frequency distribution of both mosaics
ﬁtted well to Gaussian curves, but diﬀered signiﬁcantly
from Rayleigh distributions (Fig. 10(E) and (F); Table
1) suggesting, as in the case of ON-labeled biplexiform
cells, signiﬁcant non-randomness of cell arrangement.
The mosaics conformity ratios were very high con-
ﬁrming high regularity of cell arrangement in both
mosaics. The mosaics spatial autocorrelograms had a
deep and wide central well corresponding to eﬀective
radii signiﬁcantly diﬀerent from those calculated from
random samples (Table 1). The mosaics densities and
other spatial properties were comparable to those of the
biplexiform cell mosaics labeled from the ON (Table 1).
4. Discussion
4.1. Biplexiform cells and other large ganglion cell types
in the Pholidapus retina
Biplexiform cells reported in this paper have much in
common with other large GC types revealed in the
Pholidapus retina. The closest similarity is that to aa cells:
the size diﬀerence between somata of the two largest GC
types, although signiﬁcant, was apparently much less
than that between biplexiform cells and any other GC
type. The shape and orientation of inner biplexiform cell
subtrees and aa trees seemed to vary in a similar manner
so that, within the same retinal region, their sizes were
relatively close and their branching patterns were much
alike. Furthermore, biplexiform cell inner subtrees and
aa trees were stratiﬁed within the same IPL lamina, often
producing common interlacement. However, the fol-
lowing diﬀerences in a number of other characters be-
tween aa and biplexiform cells strongly suggest their
belonging to diﬀerent GC types.
The ﬁrst and probably most important diﬀerence is
the presence of the OPL-stratiﬁed dendrites in biplexi-
form cells, although their apparent absence is not always
informative because of the limitations of the staining
method.
Secondly, in the same retinal region, biplexiform cell
somata were signiﬁcantly further from the GCL than
neighboring aa somata. Although, in ﬁsh, the depth of
GC soma location in the retina seems to be liable to
considerable within-type variation (Cook, 1998), in the
present case, the diﬀerences in soma distances from
GCL between aa and biplexiform cells were obviously of
between-type nature since, ﬁrst, the standard deviations
of separate distance-from-GCL samples are much less
than, and diﬀer signiﬁcantly from, that of the combined
Fig. 9. Biplexiform cells from the ventrotemporal quadrant of the wholemounted Pholidapus retina labeled by HRP application to the OT. (A–D)
Drawings of cells in plan view, as seen in the wholemount, and in side view, as reconstructed by the horizontal axis of the plan view with dendrite
depth measurements. Axons are marked with triangles. Arrows point to the optic disc. Horizontal bar, 100 lm; vertical bar, 40 lm. (E, F) Photo-
micrographs of the cell shown in (B), in two focal planes. (E) The plane is close to the boundary between the IPLs and INLs. Faintly stained inner
dendrites are marked with arrowheads. (F) The plane is on the sclerad part of the OPL. Faintly stained outer dendrites are marked with arrowheads.
Bar, 100 lm.
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sample, and, secondly, distinctions made on this basis
correlate well with other observed presumed between-
type diﬀerences.
Thirdly, mosaics of conﬁrmed biplexiform cells ex-
hibited a high degree of regularity, revealed by NND
frequency distribution, conformity ratio, and spatial
correlogram analyses, providing a strong evidence for
their internal homogeneity. Pairwise-combined distribu-
tions were characterized by considerably lower regular-
ity, suggesting the spatial independence of the constituent
mosaics, which was conﬁrmed by spatial crosscorrelo-
gram analysis. Together, these diﬀerences provide a
strong evidence that biplexiform cells in the Pholidapus
retina constitute an independent GC type, as in the case
of other teleosts (see Section 1).
4.2. Relation to biplexiform cells in other animals
Biplexiform cells reported in this paper have much in
common with biplexiform cells known from other tel-
eost ﬁshes: the goldﬁsh (Cook et al., 1992; Hitchcock &
Easter, 1986); the cichlid Oreochromis spilurus (Cook &
Becker, 1991); the sculpins Myoxocephalus stelleri and
Bero elegans, the white-spotted greenling Hexagrammos
stelleri, the six-lined prickleback Ernogrammus hexa-
grammus, and the ronquil Bathymaster derjugini (Cook
et al., 1996); the Alaska greenling Hexagrammos octo-
grammus (Podugolnikova, Kondrashev, & Cook, 1998a,
1998b; Podugolnikova et al., 2001). In all species in-
cluding that reported in this paper, biplexiform cells are
characterized by (1) somata displaced to the IPL/INL
boundary or to the vitread zone of the INL, with the
sole exception of one orthotopic cell found in Bathy-
master; (2) inner dendrites stratiﬁed within the outer (a)
sublamina of the IPL; (3) outer dendrites, stratiﬁed at
the INL/OPL boundary or penetrating more deeply into
the OPL; and (4) region-dependent variation of den-
dritic ﬁeld size, shape, and asymmetry, that is less reg-
ular than the variation of these parameters in other large
GC types. Such features of Pholidapus biplexiform cells
Fig. 10. Spatial properties of biplexiform cell mosaics in the Pholidapus retina labeled with HRP from the OT. (A, B) Schematic representations of
the mosaics. The soma location of each mosaic member is shown with a dot. Bar, 1 mm. (C, D) The shaded regions show the location of the mosaics
presented in (A) and (B), respectively, in wholemounted retinas. Four points of the compass show the orientation of the wholemount. V, ventral; D,
dorsal; N, nasal; T, temporal. (E, F) The NND frequency distributions of the mosaics in (A) and (B) both diﬀer signiﬁcantly from their respective
Rayleigh curves (dashed lines) but not from their Gaussian curves (solid lines) suggesting a high degree of spatial regularity of the mosaics (see Table
1 for quantitative data). (G, H) A deep and wide central well in the autocorrelograms generated from the mosaics shown in (A) and (B), respectively,
clearly indicates a non-random, anticlustering mode of cell arrangement in both mosaics.
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as (1) apparently weak, if any, relationship between the
size, shape, and orientation of the inner and outer sub-
trees of the same cell and (2) irregular and sometimes
recursive course of outer biplexiform cell dendrites and
their being highly beaded were also reported for most
other ﬁshes. In those studies addressing biplexiform cell
spatial properties, biplexiform cells were found to form
regular mosaics that were spatially independent of mo-
saics formed by other large GC types, which, too, is
consistent with the present results. All these features
provide strong evidence that biplexiform cells in the
Pholidapus retina are homologous to those found in
other teleosts, supporting the hypothesis of homology of
all large GC types in ﬁsh expressed in a generalized form
by Cook et al. (1999). At the same time, teleostean bi-
plexiform cells diﬀer between species in a number of
other properties such as absolute soma area, intercellu-
lar spacing, mosaic regularity, and numerical ratio to
other large GC types. Absolute soma area varies con-
siderably, correlating somewhat to the size of the retina.
None of the studies on ﬁsh biplexiform cells directly
addressed biplexiform cell ratios to other large GC
types, probably because of uncertainties about under-
sampling. The biplexiform cell to aa ratio in Oreochr-
omis derived from Cook & Beckers (1991) data on the
proportions of the two GC types in the retina (biplexi-
form cells, 0.06–0.08%; aa cells, 0.3%) is 1:3.75 to 1:5
diﬀering considerably from the biplexiform cell to aa
ratios in the Pholidapus retina calculated in the present
study (1:1.01 to 1:2.07). The spatial density of biplexi-
form cell mosaics, 3 too, varied greatly between diﬀerent
ﬁshes (Table 2). The mean NND, a widely acknowl-
edged intercellular spacing measure (Cook, 1996), too,
varies considerably ranging from 167 lm in H. stelleri to
405 lm in Myoxocephalus, with the mean NND esti-
mates of the biplexiform cell mosaics from Pholidapus
retinae (167.4–215.7 lm) falling in this range. The ef-
fective radii of biplexiform cell mosaics in diﬀerent
species were also substantially diﬀerent, ranging from
89.8 lm in Pholidapus (present results) to 240 lm in
Myoxocephalus. However, none of these diﬀerences
makes an obstacle to the hypothesis of biplexiform cell
homology in Teleostei for the following reasons. First,
all the above-considered properties are known to change
with ﬁsh age (ﬁsh eye growth) and retinal region, and the
mosaic spatial properties, with the possible exception of
eﬀective radius, are also known to depend on under-
sampling degree. In the above studies on ﬁsh biplexi-
form cells, ﬁsh of a diﬀerent size (and presumably age)
were used, and biplexiform cell samples were obtained
from diﬀerent wholemount regions and were character-
ized by apparently high undersampling, often noted by
the authors, making unequivocal interpretation of the
diﬀerences at issue rather diﬃcult. Secondly, these dif-
ferences are all of a quantitative rather than categorical
nature. Diﬀerences of this sort are usually considered
inadmissable as evidence for or against homology
(Bookstein, 1994; Pimentel & Riggins, 1987). Thirdly,
such spatial properties as mean NND and eﬀective ra-
dius are not in a direct functional relationship, 4 but
neither are they entirely independent, both being mainly
determined by two factors, mosaic spatial density and
regularity. Evidence for this dependence was provided
by Cook (1996). Using a sample of 33 real ﬁsh GC
3 The spatial densities for all ﬁshes, except Pholidapus, were
calculated from the data on the wholemount areas and total cell
numbers of biplexiform cell mosaics presented in Cook and Becker
(1991) and Cook et al. (1996).
Table 2
Interspeciﬁc variation of the soma area of the ﬁsh retinal biplexiform cells and spatial density of their mosaics
Species Retinal area, mm2 Soma area, lm2
(mean SEM)
Sampling size, cellsa Mosaic spatial densityb,
cells/mm2
Bathymaster derjuginic 72.8 99 6 14 –
32.7 – – 12.1–13.6
Ernogrammus hexagrammusc 45.3 147 10 17 11.74
Hexagrammos stelleric 96.9 241 12 24 22.7
Oreochromis spilurusd 17 115e 10 3.35
51 134e 10 1.62
Myoxocephalus stelleric 79.5 203 6 48 4.95
Pholidapus dybowskiif 20.12 99.4 5.9 20 10.6–20
a In soma area measurements.
b The spatial densities for all ﬁshes, except Pholidapus, were calculated from the data on the wholemount areas and total cell numbers of bi-
plexiform cell mosaics presented in Cook and Becker (1991) and Cook et al. (1996).
c From Cook et al. (1996).
d From Cook and Becker (1991).
e Standard errors of means were not provided.
f The present study.
4 Strict dependence of one character on another, as is the case with
retinal tiling by dendritic ﬁelds of a certain GC type determined as the
mean dendritic ﬁeld area times the mean spatial density of the GC
type.
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mosaics, he found a clear, highly signiﬁcant (p < 0:0005,
Spearmans correlation coeﬃcient) relationship between
their eﬀective radii and mean NNDs, the former being
typically 62 3% of the latter. This internal relationship
between spatial density, mean NND, and eﬀective radius
decreases their importance as grounds for or against
homology compared to a set of completely independent
features. Fourthly, GCs as such, and the mosaics that
they form in the retina, may be considered as diﬀerent
objects of the evolutionary process, being under the
pressure of diﬀerent sets of evolutionary factors. Re-
cently, biplexiform cells in a clawed frog, Xenopus laevis,
were shown to contact two major photoreceptor classes
(rods and cones) and horizontal cells, with the number
of synapses to rods and cones constituting approxi-
mately 24.4% and 56.7% of the total number of synapses
in the OPL (Straznicky & Gabriel, 1995). Assuming the
hypothesis of biplexiform cell homology in ﬁsh and
amphibia, ﬁsh biplexiform cells, too, might contact dif-
ferent types of photoreceptors, and their number in the
retina could correlate to the rod to cone ratio, which is
known to vary widely in teleosts (Ali & Anctil, 1976).
Another factor that may selectively aﬀect distribution
density and other spatial properties of diﬀerent GC
types is the convergence ratio (the number of photore-
ceptors, horizontal, bipolar, and amacrine cells per GC
of a certain type), which is also known to vary within the
radiation of Teleostei (Collin, 1999; Fernald, 1993). A
good example of the independence of variation of
properties of individual cells and mosaics they form in
the retina is the large GC distribution in the goldﬁsh
(Cook et al., 1992) and the channel catﬁsh Ictalurus
punctatus (Cook & Sharma, 1995). Cook et al. (1999)
argued that the GCs which were named outer and inner
alpha cells in the goldﬁsh are apparently homologous to,
respectively, aa and ab cells in the catﬁsh. In the goldﬁsh,
the number of outer alpha cells was found to be ap-
proximately one-third of that of inner alpha cells. The
mean NNDs of overlapping outer and inner alpha cell
samples from the temporal half of a goldﬁsh retina
correlated to the total cell numbers, being 233 51.5
and 121.9 23.2 lm, respectively. In the catﬁsh, on the
contrary, the number of aa cells closely matched that of
ab cells (118 and 125 (large retina) and 54 and 51 (small
retina), respectively). Their mean NNDs were much
more similar (respectively, 279 6 and 242 5 (large
retina) and 155 8 and 153 5 (small retina)) matching
the total cell numbers. In both species, the observed
correlation of the mosaics NNDs and their total cell
numbers was not caused by accidental ﬂuctuation in the
mosaics regularity as the conformity ratios of all mo-
saics were very high. The above considerations imply
that at least in teleosts, the homology of GCs, among
them, biplexiform cells, may be inferred from the con-
sistency of morphological and other characters of the
individual cells and from the consistent presence of their
independent mosaics, the diﬀerences between the spatial
properties of these mosaics notwithstanding.
4.3. Implications of the tectal projection of biplexiform
cells in the Pholidapus retina
Recently, biplexiform cells were shown to project to
the OT in another two teleosts, the sculpin Myoxo-
cephalus stelleri, and the Alaska greenlingHexagrammus
octogrammus (Podugolnikova et al., 2001). The outer
subtrees of ﬁsh biplexiform cells are known to be
stratiﬁed in close proximity to, or in, the OPL (Cook &
Becker, 1991; Cook et al., 1992; Cook et al., 1996). Al-
though teleost biplexiform cells were not directly shown
to contact photoreceptors, it has been suggested that
they may do so (Cook et al., 1996). Direct evidence for
photoreceptor-to-biplexiform cell synaptic contacts was
obtained by Straznicky & Gabriel (1995), who found
biplexiform cells in the clawed frog Xenopus laevis to
receive synapses from both rods and cones in the OPL.
Assuming the hypothesis of biplexiform cell homology
in ﬁsh and amphibia, biplexiform cells in Pholidapus and
probably other teleosts could subserve rapid signal
transmission from photoreceptors to the OT.
The spatial density and regularity of the complete
(containing both stained and unstained biplexiform
cells) mosaics in the sampled regions of the ON- and
OT-labeled specimens would be expected to be similar
because both were obtained from specimens of similar
size, the retinas were processed in the same way, and the
mosaics occupy regions similar in size and location in
the retina. The eﬀective radius is known to be little af-
fected by random undersampling of a mosaic depending
mainly on its spatial density and regularity (Cook, 1996;
Rodieck, 1991). Thus, close values of the eﬀective radii
obtained from the two specimens provide additional
evidence for the similarity of the spatial densities of
complete mosaics in the two specimens. The observed
spatial density is known to be inversely related to the
fraction of labeled cells (Rodieck, 1991). So, the simi-
larity of this value in the two cases shows that similar
fractions of all biplexiform cells were labeled from the
ON and the OT. The most probable explanation for this
is that most biplexiform cells project to the OT. This, in
turn, suggests that these cells may play a substantial role
in one or more tectum-mediated visual behaviors.
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